In the male moth, Agrotis ipsilon, the behavioural response and neuron sensitivity within the olfactory centres, the antennal lobes (ALs), to female sex pheromone increase with age, in correlation with the maturation of sex accessory glands (SAGs). By contrast, newly mated males cease to be attracted to sex pheromone and remate when their SAGs are refilled during the next night. The insect hormone receptor 38 (HR38), an ortholog of the vertebrate NR4A receptors, is a component of ecdysteroid signalling pathway which controls adult male physiology and behaviour. Here, we cloned the A. ipsilon HR38 (AiHR38) and explored its function in the coordination of reproductive events in the male. AiHR38 was detected in SAGs and ALs, and where its amount raised with age, in parallel with SAG protein content and sex pheromone responsiveness. By contrast, the AL and SAG AiHR38 expressions declined at 0-2 h after mating, in linking with depletion of SAG protein reserves and loss of sensitivity to sex pheromone. The increased AL and SAG AiHR38 expressions at 20-24 h postmating coincided with replenishing of SAGs and recovery of sensitivity to sex pheromone for a new mating. Moreover, AiHR38 knockdown resulted in reduction in SAG protein amount and disruption of sex pheromone-orientated flight. These results show that the insect HR38 is essential both for SAG activity, probably by controlling the protein synthesis, and display of male sexual behaviour, and that the concomitant regulation of its expression within SAGs and olfactory centres contributes to synchronisation between fertility and sexual activity.
In the male moth, Agrotis ipsilon, the behavioural response and neuron sensitivity within the olfactory centres, the antennal lobes (ALs), to female sex pheromone increase with age, in correlation with the maturation of sex accessory glands (SAGs). By contrast, newly mated males cease to be attracted to sex pheromone and remate when their SAGs are refilled during the next night. The insect hormone receptor 38 (HR38), an ortholog of the vertebrate NR4A receptors, is a component of ecdysteroid signalling pathway which controls adult male physiology and behaviour. Here, we cloned the A. ipsilon HR38 (AiHR38) and explored its function in the coordination of reproductive events in the male. AiHR38 was detected in SAGs and ALs, and where its amount raised with age, in parallel with SAG protein content and sex pheromone responsiveness. By contrast, the AL and SAG AiHR38 expressions declined at 0-2 h after mating, in linking with depletion of SAG protein reserves and loss of sensitivity to sex pheromone. The increased AL and SAG AiHR38 expressions at 20-24 h postmating coincided with replenishing of SAGs and recovery of sensitivity to sex pheromone for a new mating. Moreover, AiHR38 knockdown resulted in reduction in SAG protein amount and disruption of sex pheromone-orientated flight. These results show that the insect HR38 is essential both for SAG activity, probably by controlling the protein synthesis, and display of male sexual behaviour, and that the concomitant regulation of its expression within SAGs and olfactory centres contributes to synchronisation between fertility and sexual activity.
In the animal kingdom, the mating activity needs to be precisely synchronised with the fertility to maximise reproductive fitness [1] . Thus, animals have the ability to deliver and respond behaviourally to sexual signals only when they are sexually mature. In most mammals, females perceive the male-emitted pheromones exclusively during oestrus and adopt a receptive posture for allowing sexual intercourse [2] . In insects, especially in the fruit flies and the long-lived moths, the males are more sensitive to the female sex pheromone and display the highest degree of mating activity when they reach the full sexual maturity a few days after emergence [3] [4] [5] [6] [7] [8] . To date, the molecular basis of such coordination between sexual activity and fertility remain largely unknown.
Nuclear receptors (NRs) constitute an evolutionary conserved superfamily of transcription factors [9, 10] . Most NRs are activated by lipophilic molecules such as vitamins and steroid hormones, and a subset of these NRs fall under the category of orphan receptors including the NR4A subfamily [11] . The NR4A proteins are thought to function as constitutively active receptors, and their activities are primarily influenced by their levels of expression and/or post-translational modifications [12] . These receptors act as monomers or homodimers and can form heterodimers to exert their regulatory functions [13, 14] . In vertebrates, the NR4A subclass is comprised of three members, nerve growth factor IB-like receptor (Nur77 : NR4A1) [15] , nuclear receptor related 1 (Nurr1 : NR4A2) [16] and neuronderived orphan receptor 1 (Nor-1 : NR4A3) [17] . It has been reported that the mammalian NR4A genes are inducible transcription factors in response to diverse stimuli including peptide hormones, cytokines and growth factors [18] and also regulate numerous physiological processes such as neuronal development [19] and sex differentiation [20] .
In spite of their small numbers, insect NRs are distributed among all major subclasses of vertebrate NRs and are separated into six main groups (NR1-NR6) [21, 22] . The ecdysone receptor (EcR : NR1H1), and in conjunction with its partner ultraspiracle (USP : NR2B4), the homologue of vertebrate retinoid X receptor (RXR), forms a heterodimeric receptor complex to the 20-hydroxyecdysone (20E), the major biologically active ecdysteroid, which controls a wide variety of developmental and physiological events in insects [22] . The 20E/EcR/USP complex triggers the sequential expression of genes encoding transcription factors such as E75 (NR1D3), E78 (NR1E1) and HR3 (NR1F4), which amplify the original hormonal signal and ultimately modulate the activity of target genes [22] . As concerns the NR4 group, it includes the hormone receptor 38 (HR38) which is the single ortholog of the mammalian NR4As [22] .
Evidence is now accumulating that HR38 is a major component of ecdysteroid signalling machinery. In vitro experiments demonstrated that Drosophila melanogaster HR38 is able to heterodimerise with USP or EcR and thus disrupting the activity of 20E/EcR/USP complex [23, 24] and/or activating a ligand-independent USP/HR38 signalling pathway [25] . In the Aedes aegypti mosquito, dimerisation of HR38 with USP is thought to play a role in blocking the ecdysone response in the fat body of previtellogenic females prior to blood feeding [26] . More recently, A. aegypti HR38 was found to be a 20E-responsive gene that acts as a mediator of 20E/EcR/USP signalling cascade in regulating carbohydrate metabolism during the vitellogenic period [27] . HR38 was also identified as an immediate early gene [28] and its induction in brain was correlated with the display of male sexual behaviour in D. melanogaster [29] and the silkmoth Bombyx mori [29] as well as the foraging behaviour in the honey bee Apis mellifera [30, 31] . In addition to its neuronal activity, it has been discovered in the male red flour beetle, Tribolium castaneum that HR38 is necessary to the growth of sex accessory glands (SAGs) [32] which produce proteinaceous material that is associated with the production and the transfer of sperm into the female via a spermatophore.
On the basis of the above data, we hypothesised that HR38 could be involved in coordinating mating activity with fertility in insects. To test this hypothesis, we turned to the long-lived noctuid moth Agrotis ipsilon, a model organism for which the behavioural and nervous responses of males to the female-emitted sex pheromone and the degree of fertility are known to be age-and reproductive status-dependent. Just after emergence, the males are sexually immature and their SAGs are undifferentiated. In addition, these young males are not able to behaviourally respond to the sex pheromone [5, 33] . Three to four days after emergence, the males reach their sexual maturity with an elevated activity of SAGs. These sexually mature males are highly attracted to the female sex pheromone during the middle of the scotophase and display an orientated flight towards their mating partners [5, 33] . This increase in behavioural responsiveness is paralleled by a raise in the sensitivity of central neurons to the pheromone signal in the primary olfactory centres, that is, the antennal lobes (ALs) [34] . This age-related olfactory plasticity has been showed to be under the influence of biogenic amines [35] and hormonal factors such as juvenile hormone [34, 36] and 20E [37] . Indeed, the injection of 20E into young immature males, where the circulating levels of 20E is low, induced an increased responsiveness to sex pheromone and this effect was associated to the 20E inducibility of EcR and USP in ALs [37] . On the contrary, a treatment with cucurbitacin B, an antagonist of 20E/EcR/USP complex or the EcR silencing led to a decline in sex pheromone responses in old mature males [37] [38] [39] . In A. ipsilon, it has also been described that 15-30 min after the onset of copulation, when the formation of spermatophore is engaged, the newly mated males cease to respond behaviourally to sex pheromone. This inhibition is not only seen at the behavioural level, but is accompanied by a decrease in neuron sensitivity within the ALs [40] . This post-ejaculatory refractory period (PERP) lasts until the end of the scotophase and the males are able to remate only during the following scotophase when they have fully recovered their sensitivity to sex pheromone and refilled their SAGs [40, 41] . Recent data indicated that the SAGs of A. ipsilon males produce mainly 20E, whose concentration decreases after mating whereas it increases in haemolymph [41] . This elevation of circulating 20E does not seem to be a critical event in the inhibition of responses to sex pheromone in newly mated males. By contrast, SAGs were found to produce seminal substances after copulation, and which appeared to be potential triggers of the postmating olfactory switchoff [41] .
Here, we first cloned A. ipsilon HR38 (AiHR38) and revealed its tissue expression profile. We then analysed the expression of AiHR38 in the ALs and the SAGs as a function of age (immature versus mature) and of reproductive status (virgin versus mated) in relation to the SAG protein content and the sex pheromone responsiveness. We also examined the impact of AiHR38 knockdown on the protein amount in SAGs and the behavioural response of sexually mature males to sex pheromone in a wind tunnel. Our results provide evidence that the insect HR38 is essential for the male reproductive activity by controlling conjointly the activity of SAGs and the display of female sex pheromone-mediated flight behaviour.
Results

AiHR38 belongs to the NR4A nuclear receptor subfamily
To isolate the cDNA encoding A. ipsilon HR38, a pair of DNA degenerate primers was designed based on highly conserved regions in the C domain and the E/F domain of HR38 identified in the lepidopterans Amyelois transitella and B. mori. Reverse Transcription-Polymerase Chain Reaction (RT-PCR) was performed on SAG total RNA from 5-day-old adult males and led to the amplification of the partial fragment of 567 bp. The remaining 5 0 and 3 0 ends of this fragment were then obtained by developing a rapid amplification of cDNA ends (RACE)/PCR-based strategy. The nucleic acid sequences for the 5 0 -RACE and 3 0 -RACE reaction products were assembled with the original fragment to generate a full-length cDNA named AiHR38. The cDNA extends over 2303 bp and contains a 5 0 -untranslated region (5 0 -UTR) of 166 bp, a continuous open reading frame (ORF) of 1827 bp and a 3 0 -UTR of 310 bp with a polyadenylation signal upstream of the poly(A) tail (Fig. 1) . The AiHR38 ORF encodes a predicted protein of 609 amino acids with a molecular mass of 68 kDa. The protein sequence of AiHR38 is composed of a N-terminal domain (A/B), a C domain and a hinge domain (D) followed by a C-terminal E/F domain ( Fig. 1) . A series of functionally critical motifs were also found in the AiHR38 protein. Two C4-type zinc fingers are located within the C domain at amino-acid positions 248-292 and 308-327 with the Proximal-box (P-box) (CEGCKG) and the Distal-box (D-box) (LAEKS) and the E/F domain contains heterodimeric interfaces (Fig. 1) .
As expected, the full protein sequence of AiHR38 showed a high percentage of amino acid identity with HR38 proteins cloned in other insect species and especially with the lepidopterans B. mori (BmHR38; 87%) [29] and A. transitella (AtHR38; 86%), followed by the coleopteran T. castaneum (TcHR38; 62%) [32] and the dipterans D. melanogaster (DmHR38; 54%) [23] and A. aegypti (AaHR38; 53%) [26] (Table 1) . AiHR38 shared also significant amino acid similarity with the mammalian NR4A proteins such as Homo sapiens NR4A2 (HsNR4A2; 41%), Rattus norvegicus NR4A1 (RnNR4A1; 40%) and Mus musculus NR4A3 (MmNR4A3; 38%) ( Table 1) . By comparing the amino acid sequences of the A/B, C, D and E/F domains of AiHR38 with the other studied proteins, we observed that the highest conservation was found in the C and D domains, with at least 79% identity (Table 1) . There was also a significant similarity within the E/F domain (48-83%), whereas a striking divergence was apparent in the A/B domain (15-78%) ( Table 1) .
AiHR38 is predominantly expressed in the muscle, SAG, brain and especially within AL To gain some preliminary information about the functions of AiHR38, we determined its tissue distribution by evaluating its expression level by real-time quantitative PCR (qPCR) and Northern hybridisation in the antenna, AL, whole brain, SAG, thoracic muscle, testis, fat body, leg, wing and midgut for 5-day-old males. AiHR38 was expressed at higher levels in thoracic muscle, SAG, brain and AL than in testis, fat body and antenna ( Fig. 2A) and only one AiHR38 transcript of approximately 2.3 kb, in agreement with the length of the corresponding cDNA, was detected in these tissues (Fig. 2B) . No signal of AiHR38 was observed in leg, wing and midgut ( Fig. 2A) .
The sex pheromone response, the SAG protein content and the AL and SAG AiHR38 expressions increase during the sexual maturation
To apprehend the possible role of AiHR38 in the synchronisation between the sex pheromone responsiveness and the degree of fertility in relation to male age, we evaluated the behavioural response to sex pheromone, the protein amount in the SAGs as well as the mRNA and protein expression levels of AiHR38 in the ALs and the SAGs for 1-to 5-dayold males. The proportion of responding males to sex pheromone and the SAG protein amount increased with age (Fig. 3A,B) . The AiHR38 mRNA was present on the first day of adult life in the ALs Primer name Sequence
AiHR38-2 T7 rev 5 0 -taatacgactcactatagggAGGGCTTGGAGGTGATTCCTGTGG-3 and the SAGs and its relative amount increased significantly from day-3 in the ALs and from day-2 to day-4 in the SAGs, then remained practically stable (Fig. 3C,D) . Conversely, we noticed that the level of AiHR38 mRNA in other tissues (testis, fat body, thoracic muscle and antenna) was unchanged as function of age (Fig. 4) . The increased AL and SAG AiHR38 mRNA amounts were associated to an increase in the expression levels of AiHR38 protein (Fig. 3E,F) . The behavioural response to sex pheromone, the SAG protein amount and the relative expression of AL and SAG AiHR38 mRNA in 5-day-old sexually mature males were approximately 4-, 8-, 3-, 7-fold higher than in 1-day-old sexually immature males respectively (Fig. 3A-D) .
The sex pheromone response, the SAG content protein and the AL and SAG AiHR38 expressions are low during the postmating ejaculatory period and raise in the following scotophase
To assess the possible involvement of AiHR38 in the synchronisation between the sex pheromone responses and the degree of fertility in relation to male mating status, we determined the behavioural response to sex pheromone, the protein amount in the SAGs as well as the mRNA and protein expression levels of AiHR38 in the ALs and the SAGs of mated males at the end of the copulation and at 2, 20 and 24 h later. The percentage of sex pheromone-orientated flight and the SAG protein content as well as the amounts of AL and SAG AiHR38 mRNA and protein at 0 and 2 h postmating were low in comparison with controls (virgin 4-day-old sexually mature males) ( Fig. 5A-F) , then the levels increased sharply at 20 h to reach those of controls (virgin 5-dayold sexually mature males) and remained stable at 24 h ( Fig. 5A-F) . The behavioural response to sex pheromone, the SAG protein amount and the relative expression of AL and SAG AiHR38 mRNA in newly mated males (0 h postmating) were approximately 37-, 3.5-, 2.5-and 3-fold lower than in 5-day-old virgin males respectively ( Fig. 5A-D) .
AiHR38 knockdown induces a decrease in the SAG protein amount and the oriented flight towards sex pheromone Using RNA interference technology, we tested the effects of AiHR38 silencing on both the protein amount in the SAGs and the behavioural response of male to sex pheromone. The injection of AiHR38-doublestranded RNA (HR38-1-dsRNA) into 2-day-old males resulted in a decreased amount of AiHR38 mRNA of approximatively 75% in the SAGs, 70% in ALs and only 20% in thoracic muscles, 3 days after the administration as compared with the three control groups (saline-, bacterial Beta-galactosidase (LacZ)-dsRNA-and noninjected males) (Fig. 6A ). The decreased AL and SAG AiHR38 mRNA expressions were accompanied by a suppression of the corresponding protein (Fig. 6B,C) . The AiHR38 knockdown led to a sharp decline in the SAG protein amount in HR38-1-dsRNA-injected males ( Fig. 6D ) as well as in their orientated behavioural response to sex pheromone as compared with controls ( Fig. 6E ). No significant difference was observed in the SAG protein amount as well as in the orientated behavioural response or in the proportions of the three different behavioural sequences between the three control groups (Fig. 6D,E) . The general flight activity of HR38-1-dsRNA-injected males (around 83%) was statistically lower than that of control males (around 95%), showing that the HR38-1-dsRNA administration slightly altered the flight ability of moths (Fig. 6F) . Moreover, the delay in the orientated response of HR38-1-dsRNA-injected males was significantly longer than that of control males (Fig. 6G ). To consolidate our RNAi results, we also tested the effect of second AiHR38-double-stranded RNA (HR38-2-dRNA). The injection of HR38-2-dsRNA caused a decline in the AiHR38 protein levels in SAGs and ALs (Fig. 7A,B ) and the resulting phenotypes were similar to those induced in the HR38-1-dsRNA-treated males (Fig. 7C,D) .
Discussion
AiHR38 is a member of the NR4A nuclear receptor subfamily
We cloned a full length cDNA fragment encoding a predicted AiHR38 protein from the SAGs of A. ipsilon males. As all nuclear receptors, the structural organisation of the AiHR38 protein was characterised by the presence of the A/B domain followed by the C and D domains and the E/F domain. The overall protein of AiHR38 had significant amino acid sequence similarity with HR38 proteins previously identified in other LacZdsRNA LacZdsRNA
insect species as well as with the mammalian NR4A proteins. The highest degree of similarity was found in the C and D domains, with more than 84% and 78% identity respectively. The C domain possessed the D-and P-boxes that are required for the binding of receptor to specific DNA response elements in the regulatory regions of target genes [42] and the D domain has been shown to be essential for the intracellular trafficking of receptor [43] . Concerning the E/F domain, its amino acid sequence was relatively conserved and comprised heterodimeric interfaces which are involved in dimerisation process [44, 45] . Structural studies have shown that this domain lacks a ligandbinding pocket as a result of the replacement of classical hydrophobic surfaces by hydrophilic residues [12, 46] . A strong variability was observed in the A/B domain that is known to have a ligand-independent activation function and to be involved in coactivator recruitment [46, 47] . These homology sequence data show that AiHR38 is closely related to the NR4A nuclear receptor subfamily and support the existence of a selective structural conservation of C and D domains through the evolutionary history of these orphan receptors. . Efficiency and effect of double-stranded RNA (dsRNA)-mediated AiHR38 silencing on both the SAG protein amount and the behavioural response to sex pheromone in A. ipsilon males. Two-day-old males received an injection of saline solution, bacterial Betagalactosidase (LacZ)-dsRNA or HR38-1-dsRNA, or no injection (non injected). For each treatment and 3 days after injection, the relative expression of AiHR38 mRNA was quantified in the SAGs, ALs and thoracic muscle (MU) by real-time qPCR (A), the expression of AiHR38 protein in the ALs (B) and SAGs (C) was analysed by Western blot, the protein content of SAGs was measured by the BCA assay (D), the percentages of orientated responses (E) and of general flight activity (F) were determined in the wind tunnel experiments and the delay in the orientated response of males was noted (G). For AiHR38 mRNA level and SAG protein content and delay in response, error bars represent standard errors and those with different letters are significantly different (analysis of variance; Tukey's test; P < 0.05). For behavioural tests, numbers in parentheses indicate numbers of tested males and columns with the same letter are not significantly different (G-test; P < 0.05). Each real-time qPCR was run in three technical replicates with six independent biological replicates. SAG protein content was measured from five pairs of SAGs with six biological replicates. 
AiHR38 is present in muscle, reproductive and olfactory tissues
The Northern blot analysis revealed the presence of a single form of HR38 in the moth A. ipsilon as reported in other insects (e.g. the moth B. mori [29] , the mosquito A. aegypti [26] and the red flour beetle T. castaneum [32] ) whereas several isoforms have been identified in the fruit fly D. melanogaster (cTK11 and cTK61) [23, 48] , the nematode Caenorhabditis elegans (NHR-6A, NHR-6B) [49] and the mammals (NR4A1, NR4A2 and NR4A3) [15] [16] [17] owing to alternative splicing. As all NR4A family members, AiHR38 exhibited a tissue-dependent regulation of its transcriptional activity which was marked by maximum levels in the thoracic muscles, SAGs, brain and especially in the ALs which are specialised in the integration of chemosensory cues. This pointed to an essential role of AiHR38 in the control of not only locomotor activity but also in reproduction and olfactory functions in A. ipsilon adult male.
It is interesting to note that AiHR38 was detected at a low level in the testis of A. ipsilon. In mammals, several studies have revealed that NRA41 is an activator of the steroid hormone biosynthesis in the interstitial cells of Leydig of the testis through direct upregulation of steroidogenic enzyme-encoding genes and consequently, influences the spermatogenesis and the male fertility [18, 50] . In vitro experiments, performed from the testes of several moth species including A. ipsilon, have highlighted that this organ is able spontaneously to produce a variety of ecdysteroids and in particular 20E which is known to initiate the spermatogenesis [41, 51] . In line with this finding, a recent immunological study has unveiled the presence of ecdysteroidogenic enzymes within the testicular sperm cells and spermatocytes in the moth B. mori [52] . Considering all the above data, AiHR38 could play a role in regulating testicular activity in A. ipsilon males, probably by interfering on the ecdysteroidogenesis, similar to the action of its NR4A1 homologue. To reinforce this speculation, preliminary experiments are in progress to investigate the incidence of AiHR38 silencing on the spermatogenesis through the counting of sperm cells.
AiHR38 is involved in the SAG activity probably by regulating the protein synthesis and the ecdysteroidogenesis The AiHR38 knockdown resulted in reduced protein amount in SAGs, thus demonstrating a functional role of this receptor in the activity of SAGs and probably in the production of seminal fluid proteins, which are stored in a spermatophore transferred into the female along with the sperm during the copulation. This is in concordance with a previous finding in the male T. castaneum showing that HR38 is necessary for the maturation of SAGs and controls the expression of genes coding accessory gland proteins (Acps) [32] . Moreover, in the C. elegans hermaphrodites, it has been proved that NHR-6 plays an essential role in the reproduction, and especially the development of reproductive tract by controlling the differentiation of spermatheca, a stretchable bag-like organ that houses the sperm and is the site of oocyte ovulation and fertilisation [49, 53] .
It was recently reported that A. ipsilon SAGs are the major site of ecdysteroidogenesis by mainly producing 20E [41] . In vitro and in vivo studies conducted in T. castaneum revealed that SAGs have the biosynthetic capacities to produce ecdysteroids but only the ecdysone form that is secreted into the haemolymph and converted to 20E in target tissues [54] . In addition, it has been demonstrated that this adult ecdysone synthesis by SAGs is under the control of a brain neuropeptide, known as the prothoracicotrope hormone (PTTH) [54] , which has been initially identified as a stimulator of ecdysteroigenesis in the prothoracic glands (PGs) during insect larval development [55] . In B. mori PGs, once bound to its receptor Torso, PTTH has been showed to rapidly activate calcium and mitogen-activated protein kinase signalling pathways leading to the induction of HR38 which, in turn, may upregulate the transcriptional levels of some ecdysteroidogenic genes [56] . In A. ipsilon male, recent transcriptomic and peptodomic data have led to the identification of PTTH in the adult brain [57] and the presence of Torso has been detected in SAGs (E. Gassias, unpublished observation). Taking these data into consideration, it is likely that in addition to be a potential regulator of protein synthesis, AiHR38 is a mediator of PTTH's stimulation of ecdysteroigenesis in the SAGs of A. ipsilon male. To verify the existence of such a function, it would be necessary to study the in vitro and in vivo effect of a PTTH treatment on the AiHR38 expression in linking with the 20E synthesis in SAGs.
AiHR38 is required for the display of sex pheromone-orientated flight
The AiHR38 silencing also induced alterations in sex pheromone-orientated flight that were characterised by a lower percentage of responding males and an increased delay response. These behavioural disturbances might be in part due to the disruption of AiHR38 function in the ALs. Thus, AiHR38 appears to act as a positive regulator of male sexual activity presumably through an action of this receptor on the central nervous processing of sex pheromone in A. ipsilon. To evaluate the central action of AiHR38, we are planning to examine the impact of its silencing on the activity of AL neurons in response to the pheromone signal using intracellular recordings, and in particular within the macroglomerular complex, a neuropil structure that is specialised in the processing of pheromone information in the male moths. Furthermore, we cannot exclude that AiHR38 could act in other brain regions than ALs. This possibility is supported by several studies showing that the expression of HR38 is not restricted to the AL but can also be found within higher order olfactory centres including the protocerebrum and the mushroom bodies and that the brain HR38 expression was induced by the foraging behaviour in A. mellifera [30, 31] and in response to sex pheromone in B. mori and D. melanogaster males [29] .
Surprisingly, we have noticed that the efficiency of dsRNA-mediated disruption of AiHR38 varied dramatically according to tissue with a percentage of silencing of approximately 75%, 70% in SAGs and ALs, respectively, and only 20% in thoracic muscles which appear to be rather refractory to RNAi. This tissue-dependent variability in RNAi has already been described in many lepidopteran species [58] . The lack of dsRNA uptake into the cell or the intracellular accumulation of dsRNA in endosomes, preventing the cleavage into small interference RNA, is one of the limiting factors that have been advanced to explain the low sensitivity of some tissues to RNAi [59] . Given that in D. melanogaster and mammals, evidence is accumulated that NR4A receptors are implicated in the regulation of locomotor activity through their effects on both carbohydrate metabolism and glycogen homeostasis in the muscle [60] , it seems reasonable to assume that AiHR38 exerts a similar function in A. ipsilon males. We noticed that the general flight activity was slightly altered in HR38-deficient males. This minor impairment could be explained by a partial inhibition of AiHR38 activity in maintaining physiology muscle, resulting from a low level of AiHR38 silencing in the thoracic muscles.
The concomitant increased AL and SAG AiHR38 expressions contributes to the synchronous maturation of SAGs and sex pheromone responses
Our results showed that the levels of AL and SAG AiHR38 transcript and protein as well as the SAG protein amount in sexually mature old males were higher than in sexually immature young males. This brought in light an age-dependent upregulation of the expression of AiHR38 in SAGs and ALs, and which coincided with the age-dependent increase in the SAG protein content as well as in the neuronal and behavioural response to the pheromone signal. Such a correlation lead us to hypothesise that the concomitant overexpression of AiHR38 in SAGs and ALs is required for the synthesis of seminal fluid proteins coupled with the acquisition of responsiveness to the female sex pheromone during the sexual maturation of A. ipsilon male.
Over these last years, growing evidence has accumulated about the involvement of 20E in the maturation of sex pheromone responses in A. ipsilon male. Indeed, it has been showed that 20E is necessary to enhance high sensitivity to sex pheromone in males during their sexual development and that this positive effect is at least in part transduced through the activation of EcR/USPdependent signalling in ALs [37] , ultimately engendering the upregulation of neural plasticity-related proteins such as the synaptotagmins [38] . It is interesting to emphasise that the behavioural changes resulting from AiHR38 depletion are similar to those induced by the pharmacological inactivation of 20E/EcR/USP complex [37] or RNAi-mediated EcR silencing [38] . It is also noteworthy that the age-related expression dynamic of AL AiHR38 is positively correlated with the agedependent increase in the levels of circulating 20E and of expression of EcR and USP in ALs [37] . Taken together, these observations point a possible functional connection between AiHR38 and the genomic actions of 20E in ALs. Thus, the AL AiHR38 might be a 20E-upregulated gene that participates to the transduction of EcR/USP-initiated signalling cascade governing the reshaping of neural circuits necessary for the integration of female olfactory cues and the initiation of male reproductive behaviour in A. ipsilon. This speculation is further supported by a recent study showing that HR38 is directly activated by the 20E/EcR/USP complex, via its binding to the ecdysone response element (EcRE) within the promotor region of HR38, in regulating carbohydrate metabolism during the reproductive cycle of the female mosquito A. aegypti [27] .
It is well established that the growth and the stimulation of protein synthesis in the male SAGs are under the influence of 20E [61, 62] . In several insect species, high activity of EcR/USP complex was observed in SAGs and putative EcRE has been located in the upstream region of some of the Acps genes [32, [63] [64] [65] , thus revealing the significance of EcR/USP-dependent ecdysteroid signalling in the secretory function of this tissue. In D. melanogaster male, a recent study offered evidence that EcR may function without USP by forming stable homodimers in transmitting the 20E signal within the SAGs [65] . Unfortunately, little is known about the molecular mechanisms underlying the ecdysteroidal regulation of secretory activity of SAGs in A. ipsilon male. The only available information is that the A. ipsilon EcR and USP are expressed at high levels in SAGs (E. Gassias, unpublished data), thereby indicating that this reproductive organ is a target of ecdysteroid signalling in this species. Another interesting observation is that the Agrotis HR38 depleted SAGs, which exhibited a reduced protein synthesis, were phenotypically identical to the Drosophila EcR depleted SAGs [65] . Together with the agedependent increase in the SAG AiHR38 expression paralleled with the increased levels of circulating 20E, these observations lead us to speculate that as in ALs, the SAG AiHR38 may be an actor of putative 20E/EcR/USP pathway in the control of secretory activity of SAGs in A. ipsilon male.
Finally, AiHR38 appears to play a key role in the timing and coordination of physiological and behavioural changes that accompany the male sexual development in A. ipsilon. It is likely that AiHR38 fulfills its functions by mediating the genomic actions of 20E that orchestrate the maturation of adult brain and SAGs. The synchronisation of these maturational events would be in part due to the elevation of circulating levels of 20E, probably resulting from an increase in the ecdysteroidogenic activity of SAGs and/or testes throughout the adulthood of A. ipsilon male. To explore the possible functional interactions between 20E and HR38, we will investigate the effects of 20E injection into young males and of EcR silencing in old males on the expression level of AL and SAG AiHR38 in linking with the protein synthetic activity of SAGS and the responsiveness to sex pheromone. In vitro studies have demonstrated that HR38 can act through heterodimerisation with USP or EcR, thus contributing to the fine-tuning of the 20E/EcR/USP signalling [23, 24] and that the USP/HR38 heterodimer is able to mediate an unusual ecdysteroid signalling pathway in that it does not require direct binding of ligand or coactivators [25] . Thus, we cannot rule out the possibility that such mechanisms for the action of HR38 may occur in A. ipsilon male.
Mating induces a synchronous decreased AL and SAG AiHR38 expressions probably linked to the co-inhibition of SAG activity and sex pheromone responses
We observed that the AL and SAG AiHR38 transcript and protein as well as the SAG protein content were reduced in newly mated males (0 and 2 h postmating) as compared with those of virgin males and that the amounts strongly increased at 20 and 24 h postmating. These data reveal that mating induces a synchronous and transient inhibition of the AL and SAG AiHR38 expressions, probably causing a decline in the secretory activity of SAGs after the depletion of their protein reserves, and in correlation with the loss of sex pheromone responsiveness during the PERP. By contrast, the simultaneous increased AL and SAG AiHR38 expression at the following scotophase is likely linked to the restoration of SAG activity combined with the recovery of sensitivity to sex pheromone, thus allowing males to replenish their SAGs by producing a new spermatophore and to be capable of eliciting an orientated flight to the calling female for a potential new mating.
In A. ipsilon male, it was clearly showed that mating provokes a rise in the circulating levels of 20E and that this event is not the consequence of the increased 20E biosynthesis by SAGs but rather due to an intense release of the hormone from this ecdysteroidogenic tissue into haemolymph [41] . We have also noticed a decline in the level of expression of EcR and USP in both SAGs and ALs of postmated males (E. Gassias, unpublished data). This observation is consistent with previous studies revealing in different physiological contexts that high 20E haemolymph titres resulted in reduced expression of EcR/USP complex [66] [67] [68] [69] [70] . A few reports provided convincing evidence for the importance of 20E in the mating-induced physiological and behavioural changes. For instance, in the male mosquito Anopheles gambiae, 20E is contained in the seminal fluid of SAGs and thereby transferred to the female during mating. The sexually transferred 20E was found to evoke cascades of transcriptional events in the female reproductive tract leading to the laying of mature eggs and the physical incapacity for further insemination [71] . Moreover, in the moth Spodoptera littoralis, 20E administration into virgin males was showed to switch them to an artificial mated status by inducing a lowered responsiveness to female sex pheromone [72] . Together with the assumption that AiHR38 is a 20E-responsive gene, the data mentioned above support the hypothesis that the postmating elevation of circulating 20E is responsible for the simultaneous inactivation of hormonal signal transduction in SAGs and ALs through repressing the expression of EcR/USP complex and consequently a decreased induction of AiHR38, which is probably related to the co-inhibition of SAG activity and sex pheromone responses in A. ipsilon male. Experiments are underway to examine whether these postmating changes in ecdysteroid signalling and reproductive activities are elicited in 20E-treated virgin males. Preliminary results showed that 20E treatment had the expected suppressive effect on the expression of EcR and USP in ALs (E. Gassias, unpublished data), but it was not sufficient to cause an inhibition in behavioural pheromone response of virgin males [41] . It is possible that other factors than 20E may be implicated in this postmating olfactory switch-off. Consistent with this suggestion, SAGs were found to produce seminal substances after copulation, and which appeared to have the ability to enhance the postmating responses in A. ipsilon male [41] . Similarly, experimental observations mainly in D. melanogaster unveiled that some male-transferred seminal peptides, named sex peptides, are triggers of postmating switch, including increased oviposition and reduced receptivity to subsequent mating, in inseminated females [73] . It has also been demonstrated that the sex peptide-induced effects are mediated by direct and indirect actions, via juvenile hormone and 20E, on both the female central nervous system and genital tract [73] . A transcriptomic and peptidomic comparative analysis of SAGs and brains from mated and virgin males is in progress to identify the seminal substances at the origin of postmating sexual abstinence in A. ipsilon [57] . In addition, future investigations on the functional interplay between the seminal substances, the hormonal factors, especially 20E, and HR38 are needed for a better understanding of the mechanisms involved in the PERP.
Conclusion
This study brings evidence that in the male, the insect HR38 has an action on both the activity of SAGs and the responsiveness to a female-produced sex pheromone probably by controlling (a) the production and the storage of liquid seminal proteins, thus allowing successful mating (i.e. transfer of spermatophore) and (b) the processing of pheromonal signal by brain, thus allowing mating behaviour (i.e. copulation). HR38 might function as a potential mediator of the ecdysteroid genomic signalling pathways operating conjointly in the reproductive and olfactory systems. Moreover, the concomitant regulation of the expression level of HR38 in these systems appears to be one of the molecular mechanisms involved in the coordination between the display of sexual behaviour and the periods of fertility to maximise reproductive success. This study highlights a major role of NR4A receptors in the synchronisation of reproductive events and thus provides novel insights into the molecular basis of regulation of animal reproduction.
In addition, our findings will find potential applications in agricultural pest control and in ecotoxicology. Many moth species play a vital role in the ecosystem as pollinators and some of their larvae are a valuable economic resource but may also cause human health problems and have negative impacts on agriculture as major crop pests [74, 75] . Because they are diverse, taxonomically and ecologically well-known and found in many different habitats, and are extremely sensitive to human-altered abiotic conditions, moths are particularly useful as indicators of ecosystem health [76] . Due to its crucial role in the fertility of male moths, HR38 is a potential target for the CRISPR-based gene drive technology, which is highly efficient in noctuid pests [77, 78] , in the development of new control strategies and might also be used as a molecular biomarker for monitoring and assessing the impact of environmental xenobiotic contaminants on the reproduction of insect pollinators and other economically important insects.
Material and methods
Insects and tissue collection
Adult A. ipsilon originated from a laboratory colony established in Bordeaux and transferred to Versailles. The colony is based on field catches in southern France and wild insects are introduced each spring. Insects were reared on an artificial diet [79] in individual cups until pupation. Pupae were sexed, and males and females were kept separately in an inversed light/dark cycle (16 h light: 8 h dark photoperiod) at 22°C. Newly emerged adults were removed from the hatching containers every day and were given access to a 20% sucrose solution ad libitum. The day of emergence was considered as day-0. All tissue dissections were performed in midscotophase (3-6 h after lights off), when males respond maximally to the sex pheromone [80] . For the expression profiles of AiHR38, antennae, ALs, whole brains, SAGs, thoracic muscles, testes, fat bodies, legs, wings and midguts of males were dissected under Ringer's solution, then immediately flash-frozen in Eppendorf (Montesson, France) vials kept in liquid nitrogen and stored at À80°C until treatment. For the collection of ALs, brains were first dissected and ALs were then cut from the protocerebrum with a pair of fine scissors.
Total protein measurement
The SAGs of males are long paired glands originating from the ductus ejaculatorius duplex [81] . Just after adult emergence, an enlargement of the SAGs occurs, and a change from thin and white structures to thick and reddish structures is easily detectable under the dissecting microscope. The glands were excised and dissected in Ringer's solution on dry ice. Dissected SAGs were immediately immersed in 200 lL of sample storage solution (8 M urea, 2 M thiourea, 4% (w/v) 3-(3-cholamidopropyl) diethyl-ammonio-1-propanesulfonate (CHAPS), 1% (m/v) dithiothreitol (DTT), and 0.14% (w/v) phenylmethane sulfonyl fluoride (PMSF). The samples were homogenised for 20 s and then centrifuged at 12 000 g for 15 min at 4°C. The resulting supernatants were collected and stored at À20°C. Total protein concentrations were measured using Pierce TM Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo Fisher Scientific, Villebon-sur-Yvette, France) in a sample prepared from five pairs of SAGs for each group with six biological replicates.
cDNA synthesis and cloning of AiHR38
Total RNAs were extracted with TRIzol reagent (TRI Reagent Ò , Euromedex, Souffelweyersheim, France) according to the manufacturer's instructions, and were quantified by spectrophotometry at 260 nm. DNase treatment was performed with two units of TURBO TM DNase (Ambion, Villebon-sur-Yvette, France) for 30 min at 37°C followed by a 10-min inactivation at 75°C. After DNase treatment, singlestranded cDNAs were synthesised from total RNAs (1 lg) with SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The reaction contained a deoxynucleotide triphosphate (dNTP) mix, RNase OUT, Oligo(dT) primer and sterile water to a final volume of 20 lL. The mix was heated to 65°C for 5 min before the enzyme was added and then incubated for 1 h at 42°C.
Degenerate DNA primers HR38dir1 and HR38rev1 were designed against the highly conserved amino acid sequences QFCRFQKC and IDISTFAC located in the C and E/F domains of A. transitella and B. mori (Table 2) as the forward anchor primer ( Table 2 ). The 3 0 -RACE amplification was carried out with UPM as the reverse primer and a specific forward primer HR383 0 -RACE ( 
Real-time qPCR
Real-time qPCR was performed on cDNA preparations from various tissues using the ICycler iQTM Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions. Each 12 lL reaction consisted of 6 lL Absolute Blue SYBR Green fluor (Thermo Scientific, Waltham, MA, USA), 4 lL cDNA (25 ngÁlL À1 ), 2 lL of specific primer pairs at 10 lM of AiHR38 (qHR38dir and qHR38rev) ( Table 2 ). PCR conditions were 35 cycles of 95°C for 30 s, 65°C for 30 s, 72°C for 30 s and the length of amplified product was 210 bp. Fluorescence measurements over a 55-95°C melting curve confirmed the presence of a single specific peak and the absence of primer-dimer peaks for the two primer pairs. Each run included a negative control (water) and a fivefold dilution series of pooled cDNA (from all conditions). The fivefold dilution series were used to construct a relative standard curve to determine the PCR efficiencies and for further quantification analysis. In all experiments, the primers gave amplification efficiencies of 90-100%. Each reaction was run in three technical replicates with at least five independent biological replicates using the technical platform of The Integrative Biology Institute (Pierre et Marie Curie University, France). Expression levels were analysed with ICYCLER IQ software (Bio-Rad, Marnes-la-Coquette, France) and the GENORM Visual Basic application for Microsoft EXCEL (Issy-les-Moulineaux, France) as described by Vandesompele et al. [82] . The cycle threshold (Ct) values were determined for the candidate gene and the reference gene, the A. ipsilon Ribosomal protein L8 (RpL8) gene (accession number JX975720.1), which exhibited the most stable expression levels amongst other tested control genes, Ribosomal protein L13, Glyceraldehyde-3-phosphate dehydrogenase and bactin. The average C t value of each triplicate reaction was used to normalise the candidate gene expression level to the geometric mean of the RpL8 level in QGENE software [83] . The sequences for specific primers of AiRpL8 are AiRpL8dir and AiRpL8rev (Table 2) .
Northern blotting
Northern blot hybridisation analysis (Roche) was performed according to the manufacturer's instructions. RNA samples (15 lg) were denatured with formamide (50%) and formaldehyde (1.14 M) separated on a 1% denaturing agarose gel and transferred to a positively charged nylon membrane (Roche). AiHR38 cDNA was DIG-labelled by PCR using a PCR DIG Probe Synthesis Kit (Roche) with a pair of specific primers, DigHR38dir and DigHR38rev, designed in the A/B domain ( Table 2) . A DIG-labelled fragment of the cDNA encoding the RpL8 ribosomal protein of A. ipsilon was generated with the specific primers DigRpL8dir and DigRpL8rev ( phenyl phosphate (CSPD) system, as described in Roche's DIG system User's Guide for filter hybridisation. A DIGlabelled molecular RNA marker ladder was run in parallel to determine the molecular mass of the hybridising RNAs.
Western blotting
Tissues were homogenised in 200 lL of lysis buffer: 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM Ethylenediaminetetraacetic acid (EDTA), 50 mM NaF, 1% Triton X-100, 2 mM 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) supplemented with protease inhibitors (1 tablet per 10 mL of lysis buffer, Sigma). The homogenate was centrifuged during 15 min, 11 180 g at 4°C, and the supernatant, which contained the protein extract was quantified. The samples with equal protein contents were adjusted to an equal volume with 50 mM Tris (pH 6.8), containing 2% sodium dodecyl sulphate (SDS), 8% glycerol and 2% 2-mercaptoethanol with Bromophenol Blue as a marker, and then boiled for 5 min. Protein extracts (15 lg) were loaded and separated on 7.5% SDSpolyacrylamide resolving gel in a miniprotean vertical gel electrophoresis apparatus (Bio-Rad). Proteins were then transferred to nitrocellulose membranes in a mini trans-blot electrophoresis (BioRad) using 120 mA current for 1 h. 
RNA interference experiments
The dsRNA production and injection conditions were established by following the protocols used in A. ipsilon for the silencing of nuclear receptors such as ecdysone receptor (AiEcR) [38] and estrogen receptor-related receptor (AiERR) [84] . The dsRNAs targeting AiHR38 named HR38-1-dsRNA (420 bp) and HR38-2-dsRNA (370 bp), and designated against bacterial LacZ (372 bp) were produced with a MEGAscript Ò T7 High Yield Transcription Kit (Ambion) according to the manufacturer's instructions.
A PCR was performed on 1 lL plasmid (50 ngÁlL À1 ) with specific primers for each target gene (AiHR38-1 T7 dir/ AiHR38-1 T7 rev, AiHR38-2 T7 dir/AiHR38-2 T7 rev and LacZ T7 dir/LacZ T7 rev) ( Day-2 males were anaesthetised with carbon dioxide and injected with 1 lg dsRNA at the lateral region of the intersegment membrane between the second and third abdominal segments. The injections were performed with a Hamilton syringe with a 32-gauge needle. At day-5, the behavioural response of males to sex pheromone was tested in a wind tunnel. The thoracic muscles, ALs and SAGs were dissected for AiHR38 expression analysis by qPCR and Westhern blot, and SAG protein quantitation by BCA assay. Control groups consisted of non injected, dsRNAbacterial LacZ-and saline-injected males.
Mating experiments
Mating experiments were performed as previously described [80] . Briefly, virgin 4-day-old sexually mature males and virgin 3-day-old sexually mature females were individually paired in cylindrical plastic containers before the onset of scotophase in a room under an inversed light/dark cycle (16 h light: 8 h dark photoperiod) at 22°C. In our photoperiod conditions, the scotophase begins at 10:00 am and ends at 6:00 pm and copulation occurs between 00:30 pm and 5:30 pm (mean onset and end of copulation at 2:00 pm and 4:00 pm) and lasts between 1 and 2 h (mean duration of copulation is 1 h 50 min) [41] . In A. ipsilon males, the postejaculatory refractory period that is characterised by a transient inhibition of behavioural and central nervous responses to sex pheromone, starts at 15-30 min after the onset of copulation and lasts up to the end of the scotophase [41] .
Visual observation of the pairs was done every 15 min during the copulation period to detect the onset and the end of the mating. Once copulation had ended, newly mated males were removed from the observation room. The behavioural tests or the dissection of SAGs and ALs was performed immediately (0 h) and at 2, 20 and 24 h after the end of the copulation for AiHR38 expression analysis by qPCR and Westhern blot, and SAG protein quantitation by BCA assay. Control groups consisted of virgin 4-and 5-day-old sexually mature males. To confirm that mating was successful, all mated females were also dissected to check for the presence of the spermatophore.
Wind tunnel experiments
For the wind tunnel experiments, we prepared an artificial pheromone blend diluted in hexane at 1 ngÁlL À1 containing (Z)-7-dodecenyl acetate (Z7-12: Ac), (Z)-9-tetradecenyl acetate (Z9-14: Ac) and (Z)-11-hexadecenyl acetate (Z11-16: Ac) (Sigma Aldrich, Saint-Quentin Fallavier, France) at a ratio of 4 : 1 : 4, which has been used successfully in field trapping experiments [85, 86] . Behavioural tests were performed using a 190-cm-long flight tunnel under red light illumination as previously described [40] . Experiments were performed during the middle of the scotophase (3-6 h after lights off) when males respond maximally to the sex pheromone [80] . Environmental conditions during the bioassay were held constant: 23°C, 50 AE 10% relative humidity, wind speed of 0.3 mÁs À1 . A single experimental male was introduced in the wind tunnel and placed in a cage. After 30 s, during which the male adjusted to the airflow, the pheromone blend, positioned 150 cm upwind from the cage, was delivered for 3 min. During this space of time, the behaviour of males (AiHR38-dsRNA-injected males and control males) was observed, and partial flight (half of the distance between the source and the cage), complete flight (within 5 cm of the source) and landing on the pheromone source were considered as an orientated response towards the sex pheromone. Orientated as well as random flights were all counted together to quantify the general flight activity of insects. We also noted the delays in the responses of males that showed orientated responses. All experiments were performed double-blind to avoid partial observations. On each day of experiments, different groups of males were tested including at least one group of males that were expected to show a high response level to avoid experimental bias. The pheromone stimulation was delivered with a programmable olfactometer adapted from Party et al. [87] . Air from the building was charcoal-filtered and rehumidified, then divided into several equal flows (300 AE 10 mLÁmin À1 ) using a Y connector (model 1/8″ P514, Upchurch Scientific, Silsden, UK) and a 5-port manifold (model P-115, Upchurch Scientific). Each flow was connected to a miniature electrovalve (model LHDA1233115H, the Lee Company, Westbrook, Maine, USA) driven by a Valve-Bank programmer (AutoMate Scientific, Berkeley, CA, USA). Activating the appropriate valve directed the flow to a 4-mL glass vial containing the pheromone source and closed by a septum cork. The inlet and outlet of the source pheromone were made of two hypodermic needles (18-g size) inserted through the septum and connected with polytetrafluorethylene tubing (1.32 mm Inter Diameter (ID), 20 cm Length). 10 lL of the blend pheromone at 1 ngÁlL À1 was deposited on a filter paper and placed inside the vial. This dose (10 ng) was shown to give the best behavioural results with sexually mature virgin males [80] . Contaminated air was removed from the set-up by an exhaust fan after each behavioural test.
Bioinformatics
The molecular mass of AiHR38 protein was determined with the Compute pI/MW application (Swiss Institute of Bioinformatics, Switzerland, http://www.expasy.org). The functional motifs of AiHR38 protein were identified using the prosite program (Swiss Institute of Bioinformatics). For the study of the primary structure of HR38, the protein sequences were aligned with CLUSTALX 2.0 [88] . Accession numbers (IDs) for protein sequences retrieved from GenBank are as follows: the lepidopterans B. mori HR38 (BmHR38) ID: XP_004931089, A. transitella HR38 (AtHR38) ID: XP_013188818; the coleopteran T. castaneum HR38 (TcHR38) ID: XP_008194320, the hymenopterans Acromyrmex echinatior HR38 (AeHR38) ID: EDI60000, Apis mellifera HR38 (AmHR38) ID: XP_ 016773251; the dipterans A. aegypti HR38 (AaHR38) ID: AF165528, D. melanogaster HR38 (DmHR38) ID: X89246; the hemipteran Acyrthosiphon pisum HR38 (ApHR38) ID: XP_008185863; ID: CAA85271.2; R. norvegicus NR4A1 (RnNR4A1) ID: NP_077364, H. sapiens NR4A2 (HsNR4A2) ID: NP_006177 and M. musculus NR4A3 (MmNR4A3) ID: NP_056558.
Statistical analysis
The means of AiHR38 expression level and of SAG protein amount and of response delay were compared using one-way analysis of variance followed by a Tukey's multiple comparison posthoc tests. P < 0.05 was accepted as statistically significant. For behavioural experiments, statistical differences between groups of males were evaluated using a R X C test of independence by means of a G-test and also by applying the Williams's correction [89] .
